Introduction {#sec1}
============

Hashimoto's thyroiditis (HT), also called chronic lymphocytic thyroiditis, is a clinical, organ-specific autoimmune disease characterized by the pathological appearance of the thyroid gland.[@bib1] It was initially described by Dr. Hakaru Hashimoto in 1912, but was only rarely reported until the early 1950s.[@bib2], [@bib3] The main pathological features include lymphocytic infiltration in germinal centers, diffuse enlargement of the thyroid gland, destruction and atrophy of thyrocytes, and interstitial fibrosis. The serological feature is persistent positivity of thyroid autoantibodies including thyroglobulin antibody (TGAb) and thyroid peroxidase antibody (TPOAb).[@bib4], [@bib5] The pathogenesis of HT depends on many elements, including genetic predisposition, environmental implication, and immunological factors. Some HT patients suffer from transient hyperthyroidism during the disease process, but the majority ultimately develop hypothyroidism.[@bib6], [@bib7] HT is considered a common autoimmune thyroid disease, as well as the cause of the hypothyroidism. However, our understanding of the pathogenesis of HT is still very limited.[@bib8], [@bib9]

Circular RNAs (circRNAs) have recently been appreciated as a re-discovered species of noncoding RNAs (ncRNAs) that emerge during RNA maturation through a process called back splicing.[@bib10], [@bib11], [@bib12] They are cyclic in structure, are derived from exons and introns of gene fragments, and have considerable abundance, high conservation, and relative stability in the eukaryotic transcriptome. Certain kinds of circRNAs have been found to regulate gene expression at the transcriptional or post-transcriptional levels through sponging microRNAs (miRNAs) or binding to proteins of the target gene.[@bib13], [@bib14], [@bib15] Previous studies have reported that circRNAs are involved in the regulation of the pathogenesis of various diseases, such as cancer, cardiovascular diseases, and autoimmune diseases.[@bib16], [@bib17], [@bib18], [@bib19] In vascular diseases, circ_Lrp6 plays an important role in the regulation of vascular smooth muscle cells (VSMCs) migration, proliferation, and differentiation, by inhibiting miR-145 expression.[@bib16] The roles of circRNAs in cancer initiation and progression have also been described. An example is circ-CTNNB1, which is derived from the CTNNB1 intron and has been identified as a mediator of β-catenin signaling that promotes cancer progression through bridging DEAD-box polypeptide 3 (DDX3) to interact with transcription factor Yin Yang 1 (YY1), resulting in transactivation of YY1.[@bib17] In addition, hsa_circ_0045272 has been found to regulate apoptosis and interleukin-2 secretion negatively in systemic lupus erythematosus (SLE),[@bib18] and circRNA_104871 significantly elevates in rheumatoid arthritis (RA).[@bib19] These findings suggest that circRNAs play a significant role in the pathogenesis of human diseases and may serve as potential biomarkers for diseases diagnosis. However, little is known about the expression profiles and functions of circRNAs in HT. Our previous study showed that miR-125a-3p significantly decreases in patients with HT and is involved in the pathogenesis of HT via targeting IL-23R.[@bib20] However, the relationship between circRNAs and miR-125a-3p in HT is not yet known.

In this study, next-generation sequencing (NGS) was applied to identify differentially expressed circRNAs between HT and health controls. We aimed to identify circRNA profiling in peripheral blood mononuclear cells (PBMCs) from patients with HT and to explore the roles of circRNAs in the pathogenesis of HT. We found that hsa_circ_0089172 expression was markedly increased and correlated inversely with reduced levels of miR-125a-3p in HT patients. Two perfectly matched binding sequences were found between hsa_circ_0089172 and miR-125a-3p. Knockdown of hsa_circ_0089172 led to upregulation of miR-125a-3p and downregulation of IL-23R mRNA *in vitro*. Moreover, receiver operating characteristic (ROC) curve analysis suggested that hsa_circ_0089172 has significant value in the diagnosis of HT.

Results {#sec2}
=======

RNA Quality Control {#sec2.1}
-------------------

The Nano-Drop ND-1000 was used for RNA quality control. Denatured agarose gel electrophoresis was applied to test RNA integrity. The optic density OD A260/A280 ratio was set close to 2.0 for pure RNA (ratios between 1.8 and 2.1 were accredited), and the standard OD A260/A230 ratio was set at \>1.8 for spectrophotometer readings. As for the agarose gels, rRNA bands of 28S and 18S had to be pointed and of high intensity, whereas bands of low-molecular-weight RNAs such as 5S rRNA or tRNA were had to be diffuse and smaller. A high-molecular-weight dispersion or a band migrating above the 28S rRNA band was evidence of DNA contamination. All quality criteria established by the manufacturer were achieved.

Expression Profiling of circRNAs in Patients with HT {#sec2.2}
----------------------------------------------------

The differentiated circRNAs between the HT and normal control (NC) groups with statistical criteria were determined through fold change and p value (fold change ≥ 2.0; p value ≤ 0.05). Finally, 627 significantly differentially expressed circRNAs were identified. In contrast to the NC group, a total of 370 circRNAs were markedly upregulated, and 257 were significantly downregulated in the HT group, as shown by a cluster heatmap ([Figure 1](#fig1){ref-type="fig"}A) and a volcano plot ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Expression Profiling of circRNAs in PBMCs from Patients with Hashimoto's Thyroiditis and Normal Controls(A) In the clustered heatmap identified by next-generation sequencing, each column represents peripheral blood mononuclear cells (PBMCs) from a patient or a healthy volunteer, each line represents a circRNA. The red lines are upregulated circRNAs, and the green ones are downregulated circRNAs. Six upregulated circRNAs which were verified by real-time qPCR were marked. (B) Differentially expressed circRNAs between Hashimoto's thyroiditis (HT) and normal controls (NC) are displayed by volcano plots. Vertical green lines indicate 2-fold (log~2~ scaled) up or down changes, and the horizontal green line indicates a p value of 0.05 (−log~10~ scaled). Red squares represent circRNAs with statistically significant differences in expression. (C) Of the 627 circRNAs with significant different expression, 370 markedly upregulated circRNAs and 257 notably downregulated circRNAs were identified. Among them, there were 189 novel circRNAs (red) and 438 circRNAs (green) which had been identified before. (D) The number of upregulated (red) and downregulated (green) circRNAs according to their categories of formation mode.

Among the 627 differentially expressed circRNAs, 189, including 98 upregulated ones and 91 downregulated ones, were verified as novel circRNAs; 438 circRNAs, including 272 upregulated and 166 downregulated ones, had been identified beforehand and listed in the circRNA database (circBase; <http://www.circbase.org>) or articles ([Figure 1](#fig1){ref-type="fig"}C). The 627 identified circRNAs were divided into five different categories on the basis of the way they were produced. Exonic circRNAs consisting of the protein-encoding exons accounted for 78.95% (495/627), intronic circRNAs from intron lariats comprised 8.13% (53/627), sense overlapping circRNAs that originated from exon and other sequence circRNAs comprised 12.28% (77/627), intergenic circRNAs composed of unannotated sequences of the gene and antisense circRNAs originating from antisense regions equally comprised 0.32% (2/627) ([Figure 1](#fig1){ref-type="fig"}D).

Interaction between Differentially Expressed circRNAs and miRNAs in the HT Group {#sec2.3}
--------------------------------------------------------------------------------

miRNAs matched with circRNAs were explored to evaluate the potential functions of differentially expressed circRNAs in HT. A total of 459,846 miRNAs binding to their corresponding circRNAs were identified. According to the degree of enrichment, the top five miRNA response elements (MREs) were selected and listed. Target-Scan and miRanda were used to conduct the analysis. Twenty-one circRNAs that were deposited in circBase, including 15 circRNAs that ranked in the top 20 upregulated circRNAs and 6 circRNAs that were selected for validation ([Table S1](#mmc1){ref-type="supplementary-material"}), accompanied by the top 5 correlated miRNAs, are displayed in the form of a network graph produced by Cytoscape software. The graph shows that circRNAs interacted with miRNAs in a many-to-many way ([Figure 2](#fig2){ref-type="fig"}).Figure 2The Interaction Network between Differentially Expressed circRNAs and miRNAs in Hashimoto's ThyroiditisTwenty-one upregulated circRNAs that were in circBase, including 15 circRNAs that ranked in the top 20 upregulated circRNAs (yellow) and 6 circRNAs that were selected for validation (red), are displayed in a network diagram. The top 5 miRNAs regulated by each circRNA are shown (green). Circles indicate circRNAs and arrows represent miRNAs.

Function of Differentially Expressed circRNAs in HT {#sec2.4}
---------------------------------------------------

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of source genes were used to explore functions of differentially expressed circRNAs. GO enrichment analysis of the source gene was made up of biological processes (BPs), cellular components (CCs), and molecular functions (MFs). Because the majority of the differentially expressed circRNAs were upregulated in the HT group compared with the NC group ([Figure 1](#fig1){ref-type="fig"}A), we placed emphasis on GO analysis of the 370 noteworthy upregulated circRNAs. The degree of enrichment was taken as the measurement standard, and the top 10 GO terms were identified. "Nucleocytoplasmic transporter activity," "pre-mRNA binding," and "FAD binding" were the top three in MFs ([Figure 3](#fig3){ref-type="fig"}A); "regulation of RNA export from nucleus," "Golgi to endosome transport," and "negative regulation of DNA-dependent DNA replication" were the top three BPs ([Figure 3](#fig3){ref-type="fig"}B); and "dendrite cytoplasm," "clathrin coat of coated pit," and "nuclear pore outer ring" were the top three CCs ([Figure 3](#fig3){ref-type="fig"}C).Figure 3Function Predictions of Upregulated circRNAs in Hashimoto's ThyroiditisGene oncology (GO) enrichment analysis was made up of (A) biological processes, (B) cellular components, and (C) molecular functions. The top 10 predicted functions of the source gene regulated by 370 upregulated circRNAs in PBMCs from patients with HT were explored by GO analysis. Fold enrichment indicated the regulated extent of the predicted functions by upregulated circRNAs in Hashimoto's thyroiditis (HT) patients compared with normal controls (NC).

The KEGG analysis made it possible to identify BFs of differentially expressed circRNAs through pinpointing pathways relevant to their source genes. The molecular datasets of genomics, transcriptomics, proteomics, and metabolomics were mapped to the KEGG pathways, to illuminate the biological functions of these molecules. Finally, 73 pathways connected with functions of 370 upregulated circRNAs in the HT group were defined by the KEGG analysis (data not shown). Moreover, the mitogen-activated protein kinase (MAPK), hypoxia inducible factor-1 (HIF-1), and chemokine signaling pathways were involved in regulating the expression of NF-κB among the 73 pathways ([Figure 4](#fig4){ref-type="fig"}), and NF-κB has been shown to be a pivotal factor in the pathogenesis of HT.Figure 4MAPK, HIF-1, and Chemokine Signaling Pathways Regulated by the Upregulated circRNAs in Hashimoto's ThyroiditisThe Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed 73 signaling pathways related to the 370 upregulated circRNAs in patients with HT. (A) Mitogen-activated protein kinases (MAPK), (B) hypoxia inducible factor-1 (HIF-1), and (C) chemokine signaling pathways were connected with expression of NF-kB, which played a crucial role in pathogenesis of HT.

Verification of Selected circRNAs {#sec2.5}
---------------------------------

PBMCs from 30 HT patients and 30 healthy volunteers were used for verification by real-time qPCR. Because markedly upregulated circRNAs made up approximately 60% of all the differentially expressed circRNAs and in order to make the information accessible for further research, we focused our attention on upregulated circRNAs with certain circBase IDs and singled out six of these circRNAs, with copy numbers that were significantly higher and were evenly distributed in each sample of the HT group, for validation of NGS. Among the selected six circRNAs, the expression levels of hsa_circ_0089172 (p = 0.02), hsa_circ_0007777(p = 0.01), hsa_circ_0012152(p = 0.01), and hsa_circ_0000075 (p \< 0.01) in the HT group were apparently higher than in the NC group, whereas there was no statistically significant difference in the expression of hsa_circ_0018054 and hsa_circ_0111145 between the HT and NC groups ([Figure 5](#fig5){ref-type="fig"}).Figure 5Six Upregulated circRNAs in Patients with Hashimoto's Thyroiditis Compared with Normal ControlsPBMCs from 30 patients with Hashimoto's thyroiditis (HT) and 30 healthy volunteers were used for verification by real-time qPCR on the basis of circRNAs sequencing. The upregulated magnitudes of the six circRNAs were exhibited as fold change in the HT group in relation to the normal control group (NC). The relative expression of the six upregulated circRNAs in PBMCs from HT compared with NC were verified by real-time qPCR. hsa_circ_0089172 (p = 0.02), hsa_circ_0007777 (p = 0.01), hsa_circ_0012152 (p = 0.01), and hsa_circ_0000075 (p \< 0.01) exhibited the same growing trend toward the sequencing results. Expression of hsa_circ_0018054 and hsa_circ_0111145 showed no statistically significant difference between the HT and NC groups.

ROC Curve Analysis of Confirmed circRNAs in PBMCs {#sec2.6}
-------------------------------------------------

ROC curve analysis was conducted to evaluate the potential diagnostic value of significantly and differentially expressed circRNAs. ROC curves of confirmed circRNAs showed that levels of hsa_circ_0089172, hsa_circ_0000075, and hsa_circ_0012152 could separate the patients with HT from the NCs. The highest area under the curve (AUC) was found for hsa_circ_0000075 (AUC 0.715, 95% CI 0.581--0.849, p = 0.006), followed by hsa_circ_0012152 (AUC 0.702, 95% CI 0.559--0.846, p = 0.010) and hsa_circ_0089172 (AUC 0.673, 95% CI 0.530--0.816, p = 0.026). Thus, it appeared that hsa_circ_0000075 (p \< 0.01) may be more valuable than the other two circRNAs as a biomarker for RA diagnosis ([Figure 6](#fig6){ref-type="fig"}).Figure 6ROC Curve Analysis of Confirmed CircRNAs in PBMCsThe ROC curves of confirmed circRNAs showed that expression of hsa_circ_0089172, hsa_circ_0000075, and hsa_circ_0012152 have potential value in the diagnosis of HT.

Correlation between hsa_circ_0089172 and Clinical Disease Activities {#sec2.7}
--------------------------------------------------------------------

The relationship between the expression of six validated circRNAs and thyroid autoimmune antibodies which could reflect the severity of the disease was analyzed. The expression of hsa_circ_0089172 correlated positively with that of TPOAb in plasma, whereas there was no significant association between the expression of hsa_circ_0089172 and TGAb in patients with HT ([Figure 7](#fig7){ref-type="fig"}).Figure 7Correlation between hsa_circ_0089172 and Clinical Disease Activities(A) Expression of hsa_circ-0089172 correlated positively with the expression of TPOAb in plasma. (B) There was no significant association between expression of hsa_circ_0089172 and that of TGAb in patients with HT.

Correlation between hsa_circ_0089172 and miR-125a-3p {#sec2.8}
----------------------------------------------------

It was reported that the expression of miR-125a-3p was decreased in patients with HT. In addition, miR-125a-3p could be involved in the pathogenesis of HT through regulating expression of IL-23R, and miR-125a-3p was predicted to be a target of hsa_circ_0089172, according to our sequencing results ([Figure 8](#fig8){ref-type="fig"}D). Therefore, we investigated the interaction of hsa_circ_0089172 with miR-125a-3p. It was found that expression of miR-125a-3p significantly decreased in the HT group compared with the NC group, which was consistent with our previous study ([Figure 8](#fig8){ref-type="fig"}A), and expression of miR-125-3p showed negative correlation with that of hsa_circ_0089172 ([Figure 8](#fig8){ref-type="fig"}B). Subsequently, the binding sequence between hsa_circ_0089172 and miR-125a-3p was explored by Target-Scan and miRanda analysis. Two perfectly matched sequences of hsa_circ_0089172 binding with miR-125a-3p were identified ([Figure 8](#fig8){ref-type="fig"}C).Figure 8Interaction between hsa_circ_0089172 and hsa-miR-125a-3p in Hashimoto's Thyroiditis(A) Expression of miR-125a-3p was significantly decreased in patients with Hashimoto's thyroiditis (HT) compared with the NCs, by real-time qPCR. (B) The expression of miR-125-3p showed negative correlation with levels of hsa_circ_0089172 in HT. (C) The interaction between hsa_circ_0089172 and miR-125a-3p was predicted by TargetScan and miRanda. The 2D Structure column showed that there were two perfect binding sequences between hsa_circ_0089172 and miR-125a-3p. The Local AU column displays 30 nucleotides upstream and downstream of the seed sequence. The Position column indicates the probable position of the miR-125a-3p response element on the linear presentation of hsa_circ_0089172. (D) Schematic diagram of mutual relations between hsa_circ_0089172 and miR-125a-3p and other miRNAs indicate the sponge mechanism. A pathological section from a patient with HT is also displayed. (E) The relative expression of hsa_circ_0089172 was determined by real-time qPCR after transfection with siRNA. (F and G) The relative expression of miR-125a-3p (F) and miRNA of IL-23R (G) was determined by real-time qPCR after transfection with siRNA. The results are indicated as the means ± SD of three independent experiments; horizontal lines show the mean (\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001).

Influence of hsa_circ_0089172 on Expression of miR-125a-3p and IL-23R mRNA {#sec2.9}
--------------------------------------------------------------------------

To determine whether hsa_circ_0089172 affects the expression of miR-125a-3p and IL-23R mRNA, purified PBMCs from healthy volunteers were transfected with hsa_circ_0089172 small interfering RNA (siRNA) and a negative control. Manipulation of hsa_circ_0089172-specific siRNA resulted in the reduction of the transcript level of hsa_circ_0089172 compared with that of the negative control ([Figure 8](#fig8){ref-type="fig"}E). Downregulated expression of hsa_circ_0089172 with siRNA resulted in an increase in the transcript level of miR-125a-3p and reduction of transcript level of IL-23R mRNA compared with that of the negative control ([Figures 8](#fig8){ref-type="fig"}F and 8G). Together, these results indicate that hsa_circ_0089172 regulates the expression of miR-125a-3p in human PBMCs.

Discussion {#sec3}
==========

HT is an autoimmune disease that is characterized by long-term positivity for thyroid autoimmune antibodies, including TPOAb and TGAb, and by thyroid gland destruction resulting from a large infiltration of plasma cells and lymphocytes. Factors that enhance the possibility of occurrence of HT mainly include genetic factors, immune effects, and environmental influences. Immune mechanisms hold the dominant position.[@bib1], [@bib6], [@bib7] However, details of the mechanisms remain ambiguous. Therefore, it is necessary to seek out new biomarkers and explore their functions. circRNAs are among the ncRNAs. The closed circular structure formed by covalent bonds enable circRNAs to resist the degradation of RNA exonuclease, which also differentiates circRNAs from traditional linear RNAs.[@bib21], [@bib22] In addition, circRNAs have plenty of binding sites to sponge miRNAs. They could competitively bind to the miRNA and then decrease the inhibitory effect of the miRNA on the expression of target genes.[@bib23], [@bib24] Many studies have proved that circRNAs are potential biomarkers and participate in pathogenesis of various autoimmune diseases.[@bib25], [@bib26], [@bib27] For instance, decreased hsa_circ_0044235 in PBMCs has been confirmed to have significant value in the diagnosis of RA. Risk scores based on hsa_circ_0044235 have distinguished patients with RA from patients with SLE.[@bib28] hsa_circ_0001859 regulates the expression of ATF2 by sponging miR204/211, which promotes inflammation in SW982 cells.[@bib15] However, the functional mechanism of circRNAs in HT is poorly understood. Hence, it would be meaningful to profile circRNA expression and search for new biomarkers, which may contribute to providing new directions and strategies for disease diagnosis and treatment.

Our research identified 627 differentially expressed circRNAs, with 370 upregulated and 257 downregulated, in PBMCs of patients with HT. As far as we know, this is the first description of expression profiling of circRNAs in HT. Our results may enrich the study of the pathogenesis of HT and provide a theoretical basis for the in-depth exploration of the function of circRNAs in HT. We increased the number of samples and carried out real-time qPCR to verify sequencing results. We chose six circRNAs from the upregulated ones according to their expression distribution in each specimen. As a consequence, hsa_circ_0089172 (p = 0.02), hsa_circ_0007777 (p = 0.01), hsa_circ_0012152 (p = 0.01), and hsa_circ_0000075 (p \< 0.01) were verified to be markedly upregulated in the HT group. Then, we conducted ROC curve analysis to further evaluate their diagnostic value.[@bib29] The most valuable one was hsa_circ_0000075 (AUC 0.715, 95% CI 0.581--0.849, p = 0.006), followed by hsa_circ_0012152 (AUC 0.702, 95% CI 0.559--0.846, p = 0.010) and hsa_circ_0089172 (AUC 0.673, 95% CI 0.530--0.816, p = 0.026). Moreover, GO enrichment analysis suggested that circRNAs are involved in a variety of biological processes, such as vitamin D receptor and MAPK binding. In addition, it has been reported that low levels of vitamin D may be involved in the occurrence of HT.[@bib30], [@bib31], [@bib32] It has also been suggested that MRP14 takes part in the pathogenetic process of HT through regulating the MAPK signal pathway.[@bib33] These findings reveal a connection between circRNAs and HT. In the meantime, among the 73 pathways relevant to upregulated circRNAs identified by KEGG analysis, the MAPK,[@bib34], [@bib35] HIF-1,[@bib36], [@bib37] and chemokine[@bib38], [@bib39] signaling pathways are related to the expression of NF-κB, which has been shown to be connected with the inflammatory response in HT.[@bib40], [@bib41] The results also demonstrated that upregulated circRNAs had great significance in the pathogenesis of HT. As it is well known that circRNAs can function as miRNA sponges, the top 5 miRNAs correlating with the 21 upregulated circRNAs were identified for further study and are shown in the form of a tree diagram. For instance, the five miRNA binding sites of hsa_circ_0089172 were hsa-miR-3620-5p, hsa-miR-6812-5p, hsa-miR-125a-3p, hsa-miR-4463, and hsa-miR-1587.

We are excited to report that we verified that decreased expression of miR-125a-3p may be involved in the pathogenetics of HT through regulating the expression of IL-23R. MiR-125a-3p could modulate IL-23R expression by directly targeting the 3′ UTR of IL-23R mRNA. Moreover, there is a negative correlation between the expression of miR-125a-3p and that of thyroid autoantibodies,[@bib20], [@bib42] and IL-23 could interact with its receptor IL-23R on Th17 cells and then facilitate intracellular signaling, which contributes to proliferation and differentiation of Th17 cells.[@bib43] Th17 cells have been demonstrated to play an essential role in the pathogenesis of HT.[@bib44], [@bib45] Subsequently, we found that not only did hsa_circ_0089172 match perfectly with miR-125a-3p via specific binding sequences, but expression of the upregulated hsa_circ_0089172 was notably related to that of the downregulated miR-125a-3p. To investigate the role of hsa_circ_0089172 in human PBMCs, we used hsa_circ_0089172-specific siRNA to knock down hsa_circ_0089172 and observed the alteration of miR-125a-3p and IL-23R mRNA. When hsa_circ_0089172 was knocked down with siRNA, the expression of miR-125a-3p increased while the expression of IL-23R mRNA decreased, which provides direct evidence that hsa_circ_0089172 negatively regulates the expression of miR-125a-3p and then influence expression of IL-23R mRNA in PBMCs *in vitro*. However, the epigenetic mechanism of hsa_circ_0089172 that promotes expression of miR-125a-3p in PBMCs is poorly understood. Taken together, the results of our research demonstrate that hsa_circ_0089172 may alter the expression of IL-23R through negatively regulating expression of miR-125a-3p, promoting the occurrence of HT. Therefore, the specific functional mechanism of hsa_0089172 in HT is worthy of further study.

The association between hsa_circ_0089172 and miR-125a-3p may provide a new theoretical basis for research on circRNAs and promote the use of hsa_circ_0089172 as a valuable biomarker in HT. TPOAb and TGAb are important clinical parameters of HT. It has been confirmed that there is a positive connection between the expression of PD1^+^ T follicular helper (Tfh) cells and TGAb, and Tfh17 cell percentages correlate positively with the expression of TGAb and TPOAb.[@bib46] In this research, a positive correlation was found between expression of hsa_circ_0089172 and TPOAb, whereas the correlation between the expression of hsa_circ_0089172 and TGAb had no statistical significance. The reason for this difference also deserves further exploration. In the future, the function of other differentially expressed circRNAs should be explored in a larger sample. Further cell and animal model experiments should be conducted to increase comprehension of the detailed mechanism and specific functions of circRNAs in HT.

For the first time, to our knowledge, our results provide a profile of circRNA expression and the connection between circRNAs and miRNAs in HT. The relationship between hsa_circ_0089172 and disease severity suggests that hsa_circ_0089172 plays a critical role in the development of HT. Inverse correlation and perfect binding sequences between elevated hsa_circ_0089172 and reduced miR-125a-3p indicate that hsa_circ_0089172 may be involved in pathogenesis of HT via sponging miR125a-3p. The increase in miR-125a-3p and reduction in IL-23R mRNA resulting from the knockdown of hsa_circ_0089172 demonstrate the regulation by hsa_circ_0089172 of the expression of miR-125a-3p and IL-23R mRNA in PBMCs *in vitro*. In summary, hsa_circ_0089172 is of potentially significant value in HT diagnosis, but there remains a need to further study the mechanisms of hsa_circ_0089172 in HT.

Materials and Methods {#sec4}
=====================

Collection of Samples {#sec4.1}
---------------------

A total of 35 untreated patients with HT and 35 healthy volunteers undergoing physical examinations in the Affiliated People's Hospital of Jiangsu University, who signed the informed-consent form, were enrolled in the research. From that sample, we chose five female patients and five female volunteers for sequencing, because HT is more common in women. The main clinical traits of these participants are summarized in [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}. Clinical symptoms, B-ultrasonography, and laboratory examination were taken as the inclusion criteria. The DxH 800 system (Beckman Coulter, Brea, CA, USA) was used to detect the plasma concentrations of free triiodothyronine (FT3), free thyroxine (FT4), thyroid-stimulating hormone (TSH), TPOAb, and TGAb, according to the manufacturer's instructions. All patients had a positive test for TGAb and TPOAb. Age and gender of the healthy controls matched those of the patients. All NCs were free of thyroid-specific autoantibodies and had no past record of thyroid disease or other autoimmune diseases. Results of routine blood test in the participants were within normal limits. The PBMCs were separated immediately from 10 blood samples and were stored at −80°C until RNA extraction.

Extraction and Quality Control of RNA {#sec4.2}
-------------------------------------

Total RNA was extracted from the PBMCs of the 10 samples with Trizol (Life Technologies, Carlsbad, CA, USA). The Nano-Drop ND-1000 instrument (Thermo Fisher Scientific, Waltham, MA, USA) was used to evaluate the concentration of each RNA sample. All RNA samples involved in this research met standards of quality control based on the qualified ratio of OD260 to OD280 (1.8--2.1). RNA integrity and gDNA contamination were measured by modified agarose gel electrophoresis. The quality of the test library was conducted with an Agilent 2100 Bioanalyzer.

Library Preparation of RNA and circRNA Sequencing {#sec4.3}
-------------------------------------------------

Library preparation of RNA and high-throughput sequencing were carried out by Cloud-Seq Biotech (Shanghai, China). According to the supplier's instructions, the Ribozero rRNA Removal Kit (Illumina, San Diego, CA, USA) was applied to remove the rRNAs from total RNA. RNA preprocessing for constructing the sequencing library was implemented with the TruSeq Stranded Total RNA Library Prep Kit (Illumina). Quality control and quantification of the libraries were performed with the Bio-Analyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). The 10 pM libraries were changed into single-stranded DNA molecules, captured on Illumina Flow Cells, and then amplified *in situ* as clusters, which were subsequently sequenced for 150 cycles on the Illumina Hi-Seq sequencing instrument, using the two-terminal mode (PE mode).

circRNA Profiling Analysis {#sec4.4}
--------------------------

Paired-end reads were harvested from the Illumina Hi-Seq 4000 sequencer, and the quality score was set at Q30. After 3′ adaptor trimming and removal of poor-quality by Cutadapt software (v1.9.3), the superior quality, trimmed reads were used for analysis of the circRNAs. STAR software (v2.5.1b) was used to make high-quality reads aligned to the reference genome/transcriptome. circRNAs were explored and identified with DCC software (v0.4.4). Identified circRNAs were annotated by the circBase database, and Circ2Traits.EdgeR software (v3.16.5) was applied to filter the differentially expressed circRNA and for data standardization. Significantly differentially expressed circRNAs were the ones that met the standards of fold change ≥ 2.0 and p value ≤ 0.05. GO and KEGG analysis of differentially expressed circRNA-associated genes were performed to predict functions of these circRNAs. An interactive approach between hsa_circ_0089172 and miR-125a-3p was explored by Target-Scan and miRanda. The interaction network between circRNAs and their downstream miRNAs was constructed by Cytoscape software (v2.8.0) based on data of circRNAs with this miRNA binding site and their predicted miRNA sites.

Validation with Real-Time qPCR {#sec4.5}
------------------------------

PBMCs from 30 patients with HT and 30 healthy controls were used for validation of six upregulated circRNAs by real-time qPCR.[@bib47] Total RNA obtained from PBMCs with Trizol (Invitrogen, Carlsbad, CA USA) was used for synthesizing of cDNAs with the ReverTraAc real-time qPCR kit (Toyobo, Osaka, Japan). First-strand cDNA (2 μL) was used for PCR performed in triplicate, with SYBR Green Super Mix (Bio-Rad, Hercules, CA, USA). Primer sequences are summarized in [Table S4](#mmc1){ref-type="supplementary-material"}. β-Actin was applied as an internal reference for circRNAs to avoid potential aberrance in concentration and efficiency of transcription. Relative expression of circRNAs and IL-23R were measured by the 2^--ΔCt^ method for each circRNA. Relative expression of miR-125a-3p was calculated by the same real-time qPCR method as was applied in the verification of circRNAs. U6 was used as an endogenous control gene for miR-125a-3p.

siRNA Knockdown {#sec4.6}
---------------

siRNA (Ribobio, Guangzhou, China) was designed against the sequence of hsa_circ_0089172. Nonspecific scrambled siRNA was used as the NC. The purified PBMCs of healthy volunteers were transfected with hsa_circ_0089172 siRNA or NC at a 100 nM dose, using the Entranster-R (Engreen Biosystem, Beijing, China) in accordance with the manufacturer's instructions, for 24 h in the presence of 2 μg/mL functional anti-human CD3mAb plus 2 μg/mL functional anti-human CD28mAb (Miltenyi Biotec, Bergisch Gladbach, Germany). The relative expression of hsa_circ_0089172, miR-125a-3p, and IL-23R mRNA in PBMCs after being transfected with the hsa_circ_0089172 siRNA or negative control were measured by real-time qPCR.

Statistical Analysis {#sec4.7}
--------------------

Student's unpaired t test was used for comparison of two groups. Analysis of difference between the HT group and NC groups was performed with the Mann-Whitney U test. The connection between two variables was decided by Spearman's correlation coefficient. A p value \< 0.05 was statistically significant (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001). GraphPad Prism version 5 software (GraphPad Software, San Diego, CA, USA) was applied for management and analysis of the data.
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